Most opsins selectively bind 11-cis retinal as a chromophore to form a photosensitive pigment, which underlies various physiological functions, such as vision and circadian photoentrainment. Recently, opsin 3 (Opn3), originally called encephalopsin or panopsin, and its homologs were identified in various tissues including brain, eye, and liver in both vertebrates and invertebrates, including human. Because Opn3s are mainly expressed in tissues that are not considered to contain sufficient amounts of 11-cis retinal to form pigments, the photopigment formation ability of Opn3 has been of interest. Here, we report the successful expression of Opn3 homologs, pufferfish teleost multiple tissue opsin (PufTMT) and mosquito Opn3 (MosOpn3) and show that these proteins formed functional photopigments with 11-cis and 9-cis retinals. The PufTMT-and MosOpn3-based pigments have absorption maxima in the blue-to-green region and exhibit a bistable nature. These Opn3 homolog-based pigments activate G i -type and G o -type G proteins light dependently, indicating that they potentially serve as light-sensitive G i /G o -coupled receptors. We also demonstrated that mammalian cultured cells transfected with the MosOpn3 or PufTMT became light sensitive without the addition of 11-cis retinal and the photosensitivity retained after the continuous light exposure, showing a reusable pigment formation with retinal endogenously contained in culture medium. Interestingly, we found that the MosOpn3 also acts as a light sensor when constituted with 13-cis retinal, a ubiquitously present retinal isomer. Our findings suggest that homologs of vertebrate Opn3 might function as photoreceptors in various tissues; furthermore, these Opn3s, particularly the mosquito homolog, could provide a promising optogenetic tool for regulating cAMP-related G protein-coupled receptor signalings.
Most opsins selectively bind 11-cis retinal as a chromophore to form a photosensitive pigment, which underlies various physiological functions, such as vision and circadian photoentrainment. Recently, opsin 3 (Opn3), originally called encephalopsin or panopsin, and its homologs were identified in various tissues including brain, eye, and liver in both vertebrates and invertebrates, including human. Because Opn3s are mainly expressed in tissues that are not considered to contain sufficient amounts of 11-cis retinal to form pigments, the photopigment formation ability of Opn3 has been of interest. Here, we report the successful expression of Opn3 homologs, pufferfish teleost multiple tissue opsin (PufTMT) and mosquito Opn3 (MosOpn3) and show that these proteins formed functional photopigments with 11-cis and 9-cis retinals. The PufTMT-and MosOpn3-based pigments have absorption maxima in the blue-to-green region and exhibit a bistable nature. These Opn3 homolog-based pigments activate G i -type and G o -type G proteins light dependently, indicating that they potentially serve as light-sensitive G i /G o -coupled receptors. We also demonstrated that mammalian cultured cells transfected with the MosOpn3 or PufTMT became light sensitive without the addition of 11-cis retinal and the photosensitivity retained after the continuous light exposure, showing a reusable pigment formation with retinal endogenously contained in culture medium. Interestingly, we found that the MosOpn3 also acts as a light sensor when constituted with 13-cis retinal, a ubiquitously present retinal isomer. Our findings suggest that homologs of vertebrate Opn3 might function as photoreceptors in various tissues; furthermore, these Opn3s, particularly the mosquito homolog, could provide a promising optogenetic tool for regulating cAMP-related G protein-coupled receptor signalings.
rhodopsin | phototransduction | nonvisual photoreception | opsin diversity M ost opsins bind 11-cis retinal as a chromophore to form a photosensitive pigment (opsin-based pigment) that serves as a light-sensitive G protein-coupled receptor (GPCR). The 11-cis to all-trans isomerization of the chromophore in an opsinbased pigment upon light absorption triggers G protein activation (1) (2) (3) (4) , and the photoreception of the opsin-based pigment initiates vision and nonvisual functions, including circadian entrainment and pupil responses. Several thousand opsins have been identified, and they are phylogenetically classified into eight groups based on the members that have existed early in animal evolution (5) . The phylogenetic classification of each opsin also roughly corresponds to its molecular function. The G t -coupled opsin group contains vertebrate visual pigments, which activate transducin (G t )-type G proteins, and some nonvisual pigments, such as pinopsin, VA-opsin, parapinopsin, and parietopsin (1-4) . The G q -coupled opsin group is composed of the visual pigments from many invertebrates, such as insects and cephalopods, and the vertebrate opsin 4 (Opn4) homologs (melanopsins), which function as circadian photoreceptors in mammals (6) . The scallop G o -coupled rhodopsin and amphioxus rhodopsin comprise the G o -coupled opsin group (7, 8) , and vertebrate opsin 5 (Opn5) was revealed to activate G i -type G proteins (9, 10) . In addition to these bilaterian opsins, we discovered a G s -coupled opsin in the visual cells of prebilaterian jellyfish (5) . In contrast to these opsins, the members of the retinochrome and peropsin groups preferentially bind all-trans retinal, and light absorption causes all-trans to 11-cis isomerization (8, (11) (12) (13) . Therefore, the members of these two groups are considered to be retinal photoisomerases that produce 11-cis retinal. Collectively, opsins from seven of the eight phylogenetic groups have been characterized to date.
The Opn3 group is the final distinct group, containing mammalian ospin 3 (Opn3), originally called encephalopsin or panopsin, teleost multiple tissue (TMT) opsin, insect pteropsin, and annelid c-opsin (14) (15) (16) (17) . Despite the wide distribution of Opn3 homologs from vertebrates to invertebrates, which is similar to that of G q -coupled opsins, the molecular properties of these proteins have not yet been revealed. Therefore, the characterization of the Opn3 group is the last remaining requirement for an overall understanding of the diversity of opsin-based pigments. In addition, the molecular properties of members of the Opn3 group are important for an understanding of the evolution of the G t -coupled opsins, including vertebrate visual pigments, because the Opn3 group forms the sister group to the G t -coupled opsin group. More interestingly, Opn3 and its homologs are expressed in various tissues, such as the brain (human, mouse, pufferfish, zebrafish, honey bee, and annelid), liver (human and pufferfish), kidney (human and zebrafish), and heart (zebrafish), in addition to the eye (human, pufferfish, and zebrafish) (14) (15) (16) (17) . Because Opn3 homologs are expressed in tissues that are not considered photosensitive, it will be important to determine whether they form photopigments. Recently, it was reported that the introduction of the zebrafish TMT gene to cavefish fin cells, which were suggested to have originally been photosensitive for circadian photoentrainment but to have lost their photosensitivity during evolution, restored the circadian photoentrainment capacity of the cells, suggesting that Opn3 homologs can serve as light-sensor proteins (18) . Therefore, the molecular properties of Opn3 homologs should be investigated to know their potential functionality for light sensors in nonphotoreceptor cells. Here, we report that Opn3 homologs of vertebrate and invertebrate form functional blue-and green-sensitive photosensitive pigments with 11-cis retinal, respectively, and activate G i -and G otype G proteins in a light-dependent manner. Furthermore, we found that mammalian cultured cells transfected with the Opn3 homologs became light sensitive without the addition of 11-cis retinal, indicating that the Opn3 homologs formed pigments by binding retinal endogenously present in the culture medium. In
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Data deposition: The sequences reported in this paper have been deposited in the DNA Data Bank of Japan (DDBJ) (accession nos. AB753162 and AB753163). addition, the invertebrate Opn3 homolog acts as a photopigment when bound to 13-cis retinal, which is thermally equilibrated with all-trans retinal and, therefore, ubiquitously present in animals (19, 20) . These results suggest that Opn3 homolog-expressing tissues may be photosensitive. Based on these unique properties, we also propose that Opn3 homologs, especially the invertebrate homolog, may have an optogenetic potential for regulating cAMP-related GPCR signaling.
Results
Bistable Photopigment Opn3. To examine whether the members of the Opn3 group form photosensitive pigments, we expressed the pufferfish (Takifugu rubripes) Opn3 homolog TMT (PufTMT) and the mosquito (Anopheles stephensi) Opn3 homolog (MosOpn3) as representatives of vertebrate and invertebrate members of the Opn3 group, respectively, in mammalian cultured cells. We succeeded in obtaining purified pigments for both Opn3 homologs after incubation with 11-cis retinal. The PufTMT-based pigment is a blue-sensitive pigment, with an absorption maximum at ∼460 nm in the dark (Fig. 1A) . Irradiation with blue light resulted in a slightly red-shifted spectrum with a larger extinction coefficient and an absorption maximum at ∼470 nm, in the visible light region, which is distinct from bleaching pigments such as vertebrate visual pigments. Although the expression level of the MosOpn3-based pigment was too low to determine its absorption maximum, light irradiation caused a significant change in its absorption spectrum, indicating the successful expression of the MosOpn3-based pigment (Fig. S1 ). Because we had previously reported that the Cterminal truncation of long-tailed opsins increased the purification efficiency of the pigment (21), we constructed a deletion mutant of the MosOpn3 that has a shorter C terminus and expressed this mutant in HEK293 cells. The C-terminal truncation resulted in a more than 50-fold higher yield of the purified MosOpn3-based pigment, which allowed us to determine the absorption maximum of the MosOpn3-based pigment at ∼500 nm (Fig. 1B) . Irradiation with green light resulted in a blue-shifted spectrum with a larger extinction coefficient and an absorption maximum at 485 nm. The difference spectrum of the dark minus irradiated MosOpn3-based pigment matched well with that of the full-length MosOpn3-based pigment (Fig. S1 , Inset), indicating that the C-terminal truncation did not alter the spectroscopic features of the Opn3 homolog. Accordingly, we concluded that the MosOpn3-based pigment is a green-sensitive pigment with a peak absorbance at ∼500 nm and used the C-terminal truncated MosOpn3 for most of further studies because of its higher expression in the cultured cells.
We also analyzed the chromophore configurations of the dark and irradiated PufTMT-and MosOpn3-based pigments. HPLC analyses showed that both the PufTMT-and MosOpn3-based pigments bound to 11-cis retinal in the dark and that light irradiation caused 11-cis to all-trans isomerization ( Fig. 1 ). This photoisomerization profile is similar to that of the chromophores of the opsin-based pigments that activate G proteins, including visual pigments. When constituted with 9-cis retinal, the PufTMTand MosOpn3-based pigments exhibited absorption maxima at ∼450 nm and 490 nm, respectively ( Fig. S2 ), which are ∼10 nm blue shifted, as demonstrated for the vertebrate visual pigment rhodopsin (22) .
The photoproduct properties of Opn3 homolog-based pigments are of interest because the vertebrate visual pigments in the G t -coupled opsin group, the sister group of the Opn3 group, bleach upon light absorption; in contrast, most opsin-based pigments have bistable nature and do not bleach. We then analyzed the nature of the Opn3 homolog-based pigment photoproducts more carefully in lipid-containing extracts from Opn3 homolog-expressing HEK293 cells. Blue light irradiation of the PufTMT-based pigment caused an increase in absorbance at ∼500 nm and a decrease at ∼400 nm (Fig. 1A, Inset) . Subsequent orange light irradiation caused the opposite spectral change, an increase in absorbance at ∼400 nm and a decrease at ∼500 nm. A second blue light irradiation resulted in a spectral change that was the mirror image of that caused by the orange light irradiation, clearly demonstrating the bistable nature of the pigment. The MosOpn3-based pigment also exhibited a bistable nature: green light irradiation caused an increase in absorption at ∼480 nm and a decrease at ∼530 nm, and the subsequent blue and the second green irradiation resulted in photoreactions that mirrored one another (Fig. 1B, Inset) . These spectral changes demonstrated that PufTMT-and MosOpn3-based pigments are bistable photosensitive pigments.
G i /G o Activation of Opn3 Homolog-Based Pigments. We examined the G protein activation ability of the PufTMT-and MosOpn3-based pigments because opsin-based pigments require to activate G proteins in a light-dependent manner for acting as light-sensor molecules. Because previous studies revealed that opsin-based pigments activate G i (including G i , G t , and G o )-, G q -, or G s -type G protein, major G protein types, we investigated whether the Opn3 homolog-based pigments could activate each type of G protein. Neither Opn3 homolog-based pigment showed G q or G s activation ability in the experimental conditions (Fig. S3) . Both Opn3 homolog-based pigments activated G i and G o efficiently, as did bovine rhodopsin (Fig. 2, Fig. S4, and Abs. at 360nm (14-17) and their translated protein could be functional by binding to retinoids in the serum (20) . As shown in Fig. 2 , our in vitro experiments indicated that the Opn3 homolog-based pigments, like bovine rhodopsin, activate G i , which generally leads to a decrease in intracellular cAMP concentration through the inhibition of adenylyl cyclase. Thus, we analyzed the changes in cAMP level in the cultured cells expressing the PufTMT or MosOpn3 upon light irradiation by using the GloSensor cAMP assay, which is based on a cAMP-dependent luciferase. When the PufTMT-expressing cells and MosOpn3-expressing cells were incubated in the serum-containing culture medium with or without 11-cis retinal in the dark, the luminescent intensity increased by forskolin treatment decreased markedly by light irradiation (Fig. 3  A, B, D , and E). However, small and faint decreases were detected in the bovine rhodopsin-expressing cells incubated with and without 11-cis retinal, respectively ( Fig. 3 C and F) . The significantly larger decrease in cAMP might be due to bistable nature, a sustained G protein activation, of the Opn3 homologs. Interestingly, the PufTMT-and MosOpn3-expressing cells that were maintained without the addition of 11-cis retinal in the room light also exhibited light-induced cAMP decreases ( Fig. 3  G and H) , showing a reusable pigment formation with retinal endogenously contained in culture medium. The efficiency of the MosOpn3 in decreasing cAMP was greater than that of PufTMT. However, the bovine rhodopsin-expressing cells showed no cAMP decrease in this condition ( Fig. 3 G and H) . These results suggest that PufTMT and MosOpn3 bound to the retinal that was present in the serum-containing culture medium and retained their functionality even after the continuous light exposure, possibly because of their bistable nature.
13-cis Retinal Binding Ability of MosOpn3.
It is widely accepted that tissues other than photoreceptor organs, eyes, and pineal organs contain less 11-cis retinal that binds to opsin to form a photosensitive G protein-coupled pigment because 11-cis retinoids are generated by enzymes specifically present in the photoreceptor organs, i.e., photoisomerase retinochrome/retinal G proteincoupled receptor (RGR), and/or retinal pigment epitheliumspecific protein 65 kDa (RPE65) (11, 12, 24, 25) . Accordingly, one of the most important requirements for functioning of an opsin in extraocular tissues is that it forms photosensitive pigments with the other retinal isomers. Because all-trans retinoids are ubiquitously present in animals (20), we first analyzed whether the PufTMT and MosOpn3 can bind to all-trans retinal and form pigments. After incubation with all-trans retinal, the MosOpn3 formed a pigment with an absorption maximum at 465 nm (Fig. 4A) , whereas the PufTMT did not exhibit obvious pigment formation. Surprisingly, however, HPLC analyses of the chromophore of the MosOpn3-based pigment revealed that the pigment bound predominantly to 13-cis retinal as the chromophore and contained only a small amount of all-trans retinal, although 11-cis retinal-bearing and 9-cis retinal-bearing pigments are generated when incubated 11-cis and 9-cis forms, respectively (Fig. 4A ). Because it is well known that all-trans retinal is in thermal equilibrium with the 13-cis form (19) , this result suggests that MosOpn3 binds efficiently to 13-cis retinal rather than alltrans retinal. In fact, the MosOpn3 formed a photopigment with 13-cis retinal, and its absorption spectrum was similar to that of the pigment produced by incubation with all-trans retinal ( Fig.  4A and Fig. S5 ). These results indicate that the MosOpn3 selectively binds to 13-cis retinal rather than all-trans retinal. We also investigated the G protein activation ability of the 13-cis (Fig. S4) , indicating that C terminus of the MosOpn3 did not markedly affect G protein selectivity.
retinal-bearing MosOpn3. The 13-cis retinal-bearing MosOpn3 activated G i and G o in a light-dependent manner, although the G i /G o activation rate in the dark was higher than that of the 11-cis retinal-binding form, as shown in Fig. 2 (Fig. 4B) . The lightdependent activation ability suggests that the MosOpn3 might serve as a light-sensor protein in various kinds of tissues that do not contain 11-cis retinal.
Discussion
Several thousand opsins have been identified, and they are divided into eight groups (1) (2) (3) (4) . Because the whole genome sequences of many animals representing most phyla, including humans, have been determined, the present dataset provides an overview of the diversity of opsins in the animal kingdom. The basic molecular properties of seven of the eight groups have been described to date; the Opn3 group, composed of Opn3, TMTopsin, and c-opsin, remains the last group to be investigated. In this report, we clearly showed that the Opn3 homologs of vertebrate and invertebrate act as photosensitive pigments and activate G i -and G o -type G proteins in a light-dependent manner (Figs. 1-3 ). Accordingly, we have designated the Opn3 group as G i /G ocoupled opsins. Our findings emphasize the overall diversity of opsin-based pigments as light-sensing GPCRs: the G t -coupled, G q -coupled, G o -coupled, G s -coupled, G i -coupled, and G i /G ocoupled opsins might have evolved from an ancestral opsin early in animal evolution. The characteristics of the Opn3 group are also important to an understanding of the evolution of G t -coupled vertebrate visual pigments because the Opn3 group exhibits a closer relationship with the G t -coupled opsin group than any other group (1). The photoproduct properties of vertebrate visual pigments in the G tcoupled opsin group have been investigated exhaustively. Upon light absorption, the vertebrate visual pigment is converted to a photoproduct with an absorption maximum at ∼380 nm, in the UV region; the photoproduct eventually releases the chromophore retinal and decays. However, we showed that both vertebrate and invertebrate Opn3 homologs are bistable pigments that generate a stable photoproduct and revert to their original state upon subsequent light absorption (Fig. 1) . Together with our previous finding that the nonvisual pigment parapinopsin, which is also a member of the G t -coupled opsin group and exhibits a relatively early branching in the group, is a bistable pigment (26), the present results support the hypothesis that animal opsins were originally bistable pigments and that bleaching pigments evolved relatively later in the course of visual pigment evolution (27) . In addition, the Opn3 homologs activate G i -and G o -type G proteins but not G t -type G protein, unlike bovine rhodopsin (Fig.  2 and Figs. S3 and S4) . Therefore, the G t activation ability appears to have been acquired by the G t -coupled opsin group. Comparative analyses of members of these two groups may provide an opportunity to investigate how the visual system-specific opsin-G protein interaction (e.g., ref. 23) has evolved.
With respect to the molecular properties of the Opn3 homolog, the most remarkable finding is that the MosOpn3 forms a photopigment by binding to 13-cis retinal as well as 11-cis retinal and acts as a G i /G o -coupled opsin (Fig. 4) . The 11-cis retinal chromophore in dark state of an opsin-based pigment functions as an inverse agonist or antagonist of a GPCR ligand, and an all-trans retinal chromophore in a G protein-activating photoproduct functions as an agonist. Our results showed that the G protein activation efficiency by the 13-cis retinal-bearing pigment in the dark (Fig. 4B ) was higher than that of the 11-cis retinal-bearing pigment and much lower than that of the all-trans retinal-bearing pigment (photoproduct) (Fig. 2) , suggesting that 13-cis retinal might not suppress the opsin (apoprotein) activity of G protein activation as efficiently as 11-cis retinal does (28) (29) (30) . Alternatively, 13-cis retinal might serve as a partial agonist in this case. 13-cis retinal can be easily formed by the thermal isomerization of all-trans retinal, and all-trans and 13-cis retinals are in thermal equilibrium (19) . Thus, the MosOpn3 might serve as a light sensor in both the eyes and the rest of the body where abundant and a small amounts of Opn3 mRNA were detected, respectively (Fig. S6) . We were not able to clearly detect the binding of 13-cis retinal to the PufTMT, but we detected an obvious light-induced cAMP decrease in the PufTMT-expressing cells without the addition of 11-cis retinal to the culture medium (Fig. 3) . This result suggests that the teleost Opn3 homolog TMT may have some ability to bind to 13-cis retinal and/or all-trans retinal, which is consistent with a previous report that the introduction of zebrafish TMT provided photosensitivity to the fin cells of a cavefish, a species that had lost its photosensitivity during evolution (18) . We report here the molecular properties of the insect and teleost Opn3 homologs, which are consistent with their functionality in various tissues. The vertebrate members of Opn3 are largely divided into Opn3 and TMT in the phylogenetic tree (Fig.  S7) . Although the vertebrate Opn3 itself has not been successfully expressed in cultured cells and, therefore, not analyzed, the molecular properties of invertebrate Opn3 homolog and the vertebrate Opn3 homolog TMT suggest that the vertebrate Opn3 might also form a functional pigment having similar molecular properties of these homologs.
We demonstrated that the introduction of the Opn3 homologs rendered mammalian cultured cells derived from kidney photosensitive without the addition of 11-cis retinal to the culture medium, even after the continuous light exposure, whereas the introduction of bovine rhodopsin did not (Fig. 3) . The photoresponsiveness of the Opn3 homolog-expressing cells incubated in the culture medium with 11-cis retinal was also higher than that of cells expressing the bleaching pigment bovine rhodopsin or another G i -coupled bistable pigment, Opn5 (10) , suggesting that the Opn3 homologs might possess unknown molecular properties that provide an efficient decrease in cAMP in cultured cells, in addition to the bistable nature. Recently, neural activities have been successfully regulated by light through the introduction of light-sensing channels, namely the channelrhodopsins and their derivatives, establishing the field of optogenetics (31, 32) . However, the use of optogenetics involving a light-sensing GPCR remains limited (33) , mostly due to the dependence of conventional opsins on 11-cis retinal for the formation of a G proteincoupled photopigment, although this technique has the potential to regulate a considerable number of GPCR-based physiologies by light. Therefore, the Opn3 homologs, particularly the MosOpn3, would be highly useful optogenetic tools because of their abilities to form bistable pigments, which are bleach resistant and reusable, with the ubiquitously present retinal and to decrease cAMP efficiently. We have recently reported the jellyfish G s -coupled opsin, which can be used for up-regulating cAMP level in cultured cells (5, 34) . Together with the jellyfish opsin, the MosOpn3 and its derivatives could be used for regulating not only neural responses, but also nonneuronal responses that are mediated by cAMP-related GPCR signaling in any tissues by light.
Materials and Methods
Animals. The pufferfish (T. rubripes) were obtained commercially. The mosquitoes (A. stephensi) were reared from eggs kindly provided by Hirotaka Kanuka (Jikei University School of Medicine, Tokyo) and maintained according to the protocol (35) . All experiments using these animals were approved by the Osaka City University animal experiment committee.
cDNA Cloning. Partial cDNAs of the PufTMT and MosOpn3 were obtained from RNA isolated from the brain and head, respectively, by RT-PCR. The primers used for PCR amplification were designated based on the gene sequences found in the T. rubripes and A. gambiae genome databases. The full-length cDNAs of the Opn3 homologs were obtained by using the 3′ RACE and 5′ RACE systems (Invitrogen).
Expression of the Opsin-Based Pigments and Spectroscopy. The cDNAs of the full-length PufTMT, the full-length MosOpn3 and the MosOpn3 deletion mutant of which C-terminal 99 amino acids were deleted, were tagged with the monoclonal antibody rho 1D4 epitope sequence (ETSQVAPA). The tagged cDNA was inserted into the pcDNA3.1 vector (Invitrogen), and pigment expression in HEK293S cells and pigment purification were performed as described (8) . Briefly, to constitute the pigment, the expressed proteins were incubated with 11-cis, 9-cis, 13-cis, or all-trans retinal overnight. The pigments were then extracted with 1% (weight/vol) dodecyl β-D-maltoside in 50 mM Hepes buffer (pH 6.5) containing 140 mM NaCl (buffer A). For purification, the pigments in the crude extract were bound to 1D4-agarose, washed with 0.02% (weight/vol) dodecyl β-D-maltoside in buffer A (buffer B), and eluted with buffer B that contained the 1D4 peptide. The absorption spectra of the pigments were recorded at 4°C by using a Shimadzu UV2450 spectrophotometer. Blue, green, and orange lights were supplied by a 1-kW halogen lamp (Philips) with a 460-nm interference filter, a 500-nm interference filter, and an O56 glass cutoff filter (Toshiba), respectively. HPLC Analysis. The chromophore configurations of the irradiated and nonirradiated purified Opn3 homolog-based pigments were analyzed by HPLC, as described (13, 36) . , all-trans (blue curve and trace), 9-cis (green curve and trace), and 13-cis (red curve and trace) retinals, respectively. The absorption spectrum of the MosOpn3ΔC-based pigment constituted by 13-cis retinal (red curve) was calculated to exclude the contribution of the contaminated 11-cis retinal-bearing MosOpn3ΔC-based pigment based on the chromophore configuration (red trace) (Fig. S5) . Note that the MosOpn3ΔC-based pigment constituted by incubation with all-trans retinal selectively binds 13-cis retinal, which was thermally generated from the all-trans form. 
